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AMPA Receptor Tetramerization
Is Mediated by Q/R Editing
by RNA editing at the Q/R site (Sommer et al., 1991).
Editing at this site is specific for GluR2 as GluR1, -3,
and -4 carry a Gln (Q) at this critical, pore-lining position
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We recently disclosed an unexpected new role for the
Q/R site, and showed that apart from determining key
conductance properties Arg607 also controls AMPARSummary
traffic by restricting channel exit from the endoplasmic
reticulum (ER) (Greger et al., 2002). Exit from the ERAMPA-type glutamate receptors (AMPARs) play a ma-
generally poses the first rate-limiting step for membranejor role in excitatory synaptic transmission and plastic-
proteins destined for the cell surface, and is subject toity. Channel properties are largely dictated by their
tight control (Ellgaard and Helenius, 2003). We foundcomposition of the four subunits, GluR1–4 (or A–D).
that ER-retained GluR2 is very stable and forms an intra-Here we show that AMPAR assembly and subunit stoi-
cellular pool contrasting with GluR1, which is mostlychiometry are determined by RNA editing in the pore
post-ER and concentrated at synapses. We hypothe-loop. We demonstrate that editing at the GluR2 Q/R
sized that concentration of this critical subunit in thesite regulates AMPAR assembly at the step of tetra-
ER facilitates incorporation of GluR2 during channel as-merization. Specifically, edited R subunits are largely
sembly, and thus explains its presence in the majorityunassembled and ER retained, whereas unedited Q
of AMPARs in the brain (Greger et al., 2002; Seeburg,subunits readily tetramerize and traffic to synapses.
2002). Therefore, in addition to its well-established roleThis assembly mechanism restricts the number of the
for ion conductance, the Q/R site also poses a key traf-functionally critical R subunits in AMPAR tetramers.
ficking signal.Therefore, a single amino acid residue affects channel
Various lines of evidence suggest that glutamate re-composition and, in turn, controls ion conduction
ceptors are tetrameric channels—functional analysisthrough the majority of AMPARs in the brain.
(Mano and Teichberg, 1998; Rosenmund et al., 1998),
electron microscopic images of recombinant AMPARs
Introduction (Safferling et al., 2001), and the general structural con-
servation of GluR pore domains with that of tetrameric
AMPA (-amino-3-hydroxy-5-methyl-4-isoxazolepropi- K channels (Wo and Oswald, 1995; Wood et al., 1995;
onate) receptors mediate the majority of fast excitatory Kuner et al., 2003). The discovery of GluR0, a prokary-
transmission in the central nervous system (CNS) (Ozawa otic, glutamate-gated K channel (Chen et al., 1999),
et al.,1998; Dingledine et al., 1999). Activity-dependent further supports this view. The mechanism of AMPAR
changes in AMPAR transmission underlie various forms assembly is poorly understood. A current model sug-
of synaptic plasticity, which is critical for information gests a two-step assembly pathway, (i) subunit dimer-
storage in the brain. The trafficking of AMPARs to and ization via receptor N termini and (ii) dimerization of
from synapses is a key mechanism for regulating the dimers resulting in channel tetramers (Ayalon and Stern-
strength of synaptic transmission (Barry and Ziff, 2002; Bach, 2001; Madden, 2002). Regions involved in the
Malinow, 2003). Both trafficking modes and transmis- second assembly step are not well defined and are be-
sion properties of AMPARs are determined by their sub- lieved to include the C-terminal part of the extracellular
unit composition (Hollmann and Heinemann, 1994; Shi S2 loop, and the transmembrane segments (Ayalon and
et al., 2001; Malinow, 2003). Stern-Bach, 2001). This assembly model is based on
In contrast to other ligand-gated ion channels that the occurrence of dimeric intermediates, which have
have fixed subunit stoichiometries, such as the skeletal been observed at various levels (Kuusinen et al., 1999;
muscle nicotinic acetylcholine receptor (Green, 1999), Armstrong and Gouaux, 2000; Ayalon and Stern-Bach,
glutamate receptors exist in a spectrum of different sub- 2001; Mansour et al., 2001; Sun et al., 2002), but has
unit combinations resulting in greater functional diver- not been proved biochemically.
sity. Nevertheless, the majority of AMPARs in the telen- Here, by using a combination of hydrodynamic meth-
cephalon contain the GluR2 (GluR-B) subunit (Ozawa et ods and native PAGE (polyacrylamide gel electrophore-
al., 1998; Dingledine et al., 1999). GluR2 dominates major sis), we elucidate a key step controlling AMPAR tetra-
merization and subunit stoichiometry. We show thatAMPAR transmission properties (Ca2 permeability, rec-
tetramerization, but not dimerization, is controlled bytification, and single-channel conductance) via Arg607,
the reentrant pore loop. Mutagenesis and moleculara residue introduced into the GluR2 pore loop (P loop)
modeling of the pore loop reveal that the overall struc-
ture of this domain is critical for tetramerization and ER*Correspondence: edward.ziff@med.nyu.edu (E.B.Z.), ig@mrc-lmb.
exit. In vivo, Q/R editing modulates this structure; wecam.ac.uk (I.H.G.)
find that edited R subunits remain largely dimeric and3 Present address: MRC Laboratory of Molecular Biology, Neurobiol-
ogy Division, Hills Road, Cambridge CB2 2QH, United Kingdom. ER retained, when exogenously expressed in neurons
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Figure 1. The Reentrant P Loop Mediates
ER Retention
(A) Left: schematic of the GluR2 subunit. The
P loop is shown in red, the Q/R editing site
as a blue diamond, and the lipid bilayer as
dashed lines. Transmembrane segments are
labeled, TM1, 3, and 4. Right: sequence align-
ment of the P loop, and adjacent C-terminal
residues, between GluR2 and the KcsA K
channel. Residues mutated in this study are
marked with asterisks. Conserved residues
are shaded yellow, conserved residues are
shaded green, and Arg607 at the Q/R site is
shown in blue (triple asterisks indicate that
multiple mutations were introduced at this
site).
(B–D) Pulse-chase analysis of GluR2 pore
mutants. Hippocampal neurons (10 div) ex-
pressing Myc-tagged GluR2 mutants were
pulsed with [35S] Met-Cys for 20 min and
chased for 5 hr (see Experimental Proce-
dures). Mutants were immunoprecipitated
with anti-Myc Ab, EndoH digested, and ana-
lyzed on 6% SDS-PAGE followed by flurogra-
phy. (B) Mutants in lanes 3 and 4 were made
in the Q607-background. (C and D) Mutants
at position 607 are labeled in single letter
code; in (D), position 611 was additionally al-
tered to Asn (lanes 6 and 8). Maturely glycosylated GluR2 is denoted with a filled arrowhead, immaturely glycosylated GluR2 with an
empty arrowhead.
(E) Cell surface expression of Myc-tagged GluR2 pore mutants. Hippocampal neurons (20 div) were stained live with monoclonal anti Myc-
Ab (to detect surface Myc) followed by fixation, permeabilization, and staining with polyclonal Myc-Ab (to detect total Myc). Myc surface
expression was measured as the ratio of surface to total cell area. Bar graph shows mean  SD; n  30. Significance was determined with
paired Student’s t tests (two-tailed distribution) *p  0.0001; **p  0.008. Mutants are indicated below the x axis.
and HeLa cells, whereas unedited Q subunits readily ER retained after 5 hr of chase (Table 1). As shown
previously, after 5 hr the majority of GluR2(Q) is maturetetramerize and traffic to the cell surface. In agreement
with that, endogenous GluR2 in brain is largely unassem- (lane 1), which correlates with prominent expression at
the cell surface (Greger et al., 2002). Therefore, Arg atbled, whereas GluR1 is mostly tetrameric. Our data sug-
gest that editing to Arg alters a key assembly region, other positions within the pore loop causes ER retention.
resulting in a restriction of GluR2 subunits in AMPAR
tetramers. Q/R editing thereby affects subunit stoichi-
Table 1. Summary of ER Exit Efficiency (EndoH Resistance) ofometry and in turn channel function. Furthermore, we
Pore Mutantsprovide evidence for a two-step AMPAR assembly path-
Mutant n % Mature of Total (Sd)way, and a biochemical confirmation of the tetrameric
nature of glutamate-gated ion channels. R607 8 23.0
R607K 4 20.7 (1.87)
Results R607H 3 33.7 (0.24)
R607Q 8 51.4 (2.6)
R607N 4 31.6 (2.4)GluR2 ER Retention Is Mediated by the P Loop
R607E 4 38.1 (2.16)We recently reported that Arg607 at the GluR2 P loop
R607D 4 29.1 (2.02)
apex controls ER exit (Greger et al., 2002). To study R607A 3 34.2 (1.45)
the mechanism of Arg607-mediated GluR2 ER retention R607F 3 40.3 (1.28)
further, we generated a series of P loop mutants (Figure R607Y 3 41.3 (0.87)
R607W 3 51.5 (1.97)1A). We addressed (i) the position specificity and (ii) the
L598A (R607Q) 2 43.7 (0.7)residue specificity of Arg for retention. To test whether
W599A (R607Q) 2 32.2 (1.1)introduction of Arg at other locations within the P loop
F600A (R607Q) 2 21.3 (0.27)
causes retention, we mutated positions 603 and 608 G603R (R607Q) 3 27.0 (0.12)
to Arg (in the unedited, trafficking-competent GluR2(Q) Q608R (R607Q) 3 22.5 (1.53)
form; Figure 1B). Mutants were expressed in cultured D611N (R607) 3 13.6 (1.1)
D611N (R607Q) 4 33.8 (0.67)hippocampal neurons with recombinant Sindbis virus
vectors; their ER exit efficiency was tested using a pulse/ For quantification, flurographs in Figure 1 were scanned in a phos-
chase protocol that monitors conversion to the maturely phoimager. Mature and immature signals were summed (total), and
levels of mature signals expressed as percent of the total. Data fromglycosylated (EndoH resistant), post-ER form of GluR2
individual experiments were normalized to wt (R607) levels, which(Greger et al., 2002). Comparable to edited GluR2(R),
was included in each experiment. Double mutants are indicatedboth mutants trafficked inefficiently, with 70% re-
in parentheses.
maining immaturely glycosylated (EndoH sensitive), and
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Figure 2. Molecular Model of the GluR Pore
Region
The model is based on atomic coordinates
of the KcsA K channel, and spans region
G580-M650 of GluR2. Left top panel: reen-
trant P loop (residues F592–S616); the as-
cending pore helix is in red, the descending
selectivity filter region in gold; side chains
discussed in the text are shown in stick repre-
sentation. Right top panel: two adjacent sub-
unit fragments are shown in red and blue, in
side view. Long helices correspond to TM3,
which are analogous to the inner helices in
KcsA. Q607 is shown in stick. Bottom right
panel: side view of the tetramer; two adjacent
subunits are shown in red and blue. Bottom
left panel: top view of tetramer shown on the
right. Q607 residues, shown in stick, are near
the center of the ion conduction path.
Furthermore, extensive mutagenesis at position 607 structural integrity leading to ER retention. This sug-
gests that in vivo editing acts as a ‘”molecular switch”(the Q/R site) revealed that various alterations at this
site reduced ER exit, similarly to Arg (Figures 1C and that restricts GluR2 ER exit.
1D; Table 1). Surprisingly, even R607N trafficked poorly,
although apart from being one methylene group shorter, Molecular Modeling Suggests a Close Association
of Subunit P Loops in AMPAR TetramersAsn is identical to Gln (Figure 1C, lanes 3 and 4). These
results suggest that alterations within the P loop, rather To understand these data better, we took advantage
of the structural conservation between GluR and Kthan specifically introduction of Arg at position 607,
causes ER retention, and that in vivo Arg607 confers a channel pore domains (Wo and Oswald, 1995; Wood et
al., 1995; Chen et al., 1999; Kuner et al., 2003), to modeltrafficking incompetent P loop configuration. The data
also show that basic residues are somewhat tolerated the GluR2 pore region (region G580-M650; Figure 2).
The atomic structure of KcsA, a prokaryotic K channel,to a lesser extent than acidic ones (Table 1), and that
side chain volume plays a role, with larger side chains has been solved (Doyle et al., 1998) and was used as a
template for homology modeling (see also Panchenkopromoting ER exit (Figure 1D; Table 1). R607W trafficked
as efficiently as the Q form and, like GluR2-Q, was promi- et al., 2001; Tikhonov et al., 2002). In KcsA, subunit pore
helices are slotted between inner helices (TM3 in GluRs),nently expressed at the cell surface (Figure 1E).
Apart from position 607, three alterations in the helical providing intersubunit contact sites that hold the tetra-
mer together (Doyle et al., 1998). In analogy, the closepart of the P loop (L598-F600, Figures 1A and 2), which
alter the overall packing of the pore domain to various arrangement of subunit P loops suggests interaction
surfaces between subunits in GluR tetramers (see “di-extents (Doyle et al., 1998; Panchenko et al., 2001), re-
duced ER exit efficiency (Table 1). L598 likely projects mer” and “tetramer” side views in Figure 2).
We reasoned that structural perturbations in the Pinto lipid and is therefore not expected to alter packing
of the pore domain (Doyle et al., 1998; Panchenko et al., loop by mutation alter these interaction sites, destabilize
the complex, and result in incompletely assembled2001). L598A had a modest effect on trafficking (Table 1).
W599 and F600, in contrast, are believed to contact channels that are retained in the ER. Importantly, muta-
tion of D80 in KcsA (D80N) destabilizes the tetramerother parts of the pore domain (Doyle et al., 1998; Pan-
chenko et al., 2001). Mutation of these residues to Ala (Heginbotham et al., 1997); alteration of the correspond-
ing GluR2 residue, D611N (in both the R607 and Q607reduced ER exit (Table 1). Together, these data identify
the P loop as a key module that controls trafficking. background), reduced ER exit (Figure 1D, lanes 6 and
8). In further analogy, alteration of Y82 (Y82T) had noMutations in the loop, like editing to Arg, may alter its
Neuron
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Figure 3. The Q/R Site Determines AMPAR Assembly
(A and B) Sedimentation analysis of GluR2(R) and GluR2(Q). Hippocampal neurons expressing GluR2(R) and GluR2(Q), respectively, were [35S]
Met-Cys pulse labeled for 20 min and chased for various times (shown on the left). Triton X-100 cell lysates were separated on 10%–50%
glycerol gradients; gradient fractions were subjected to anti-Myc IP and analyzed on 6% SDS-PAGE and flurography. The direction of
sedimentation is indicated by an arrow. P1 and P2 denote the two major GluR peaks.
(C) Quantification of the kinetic analysis shown in (A) and (B). Signals were quantified using a PhosphoImager (BioRad). GluR2-Q signals (time
points 1, 5, and 13 hr) from fractions 4–16 were summed up and set at 100% (total); individual signals in each fraction were expressed as
percent of the total.
(D) Steady-state sedimentation analysis of various GluR2 pore mutants (indicated on the right). Signals were scanned densitometrically and
quantified using NIH-Image software (quantification was as described in Figure 3C).
effect on KcsA tetramer stability, while mutation of the mediates. After 1 hr of chase, signals started to accumu-
late in P1. Since the majority of GluR2(Q) shifts to P2corresponding GluR2 residue, S613N, had no impact
on trafficking (data not shown). These results reveal an after 5 hr of chase (Figure 3A), P1 is the precursor of
P2. This relationship was confirmed in an extended, 13intriguing correlation between KcsA tetramer stability
and GluR ER exit efficiency. Notably, D611 potentially hr chase where a greater fraction of GluR2(Q) sedi-
mented in P2, which therefore represents the end prod-H bonds with W599, and may thereby stabilize the pore
loop (Figure 2, top left) (Tikhonov et al., 2002). Together, uct (Figure 3B, bottom). In contrast, GluR2(R) remained
in P1 even after the extended chase. These data demon-these results indicate that the Q/R site either lies at or
influences critical subunit contact sites. The additional strate that the Q/R-editing status profoundly affects
AMPAR sedimentation. Since exogenously expressedmutants confirm the importance of P loop structural
integrity and suggest a correlation between ER retention subunits largely form homomeric channels (Hayashi et
al., 2000; Shi et al., 2001) (see below), GluR2(R) channelsand channel assembly.
are blocked at forming P2 or are less stable than homo-
meric GluR2(Q) channels.The Q/R-Editing State Affects AMPAR Assembly
Importantly, hydrodynamic analysis of other pore mu-The possibility that alteration of subunit interfaces by
tants reveals a good correlation between the ability toQ/R editing affects AMPAR assembly was analyzed us-
exit from the ER and to assemble (Figure 3D). For exam-ing hydrodynamic methods. We established suitable ve-
ple, R607W, which traffics efficiently (Figures 1D andlocity sedimentation conditions to study AMPAR as-
1E) prominently sediments in P2, whereas ER-retainedsembly. Cultured neurons expressing (Myc-tagged)
mutants, such as R607N, R607K, and the R form ofGluR2(R) and -(Q), were pulse labeled, chased, and Tri-
D611N (Figure 1D) remain in P1. Therefore, P loop mu-ton-X100 extracts separated on 10%–50% glycerol gra-
tants and GluR2(R) are blocked at the same step ofdients. As shown in Figure 3A, after 5 hr of chase,
biogenesis, the formation of P2.GluR2(Q) sediments in two prominent peaks (P1, P2)
with the majority confined to peak 2 (P2). In striking
contrast however, the bulk of GluR2(R) sediments in P1 P1 Consists of Assembly Intermediates,
P2 of AMPAR Tetramersonly. This prompted us to examine the kinetic relation-
ship between P1 and P2 (Figure 3B). After the pulse (0 We next determined the assembly states of AMPARs in
P1 and P2, using various biochemical approaches (Fig-hr chase), GluR2 R and Q forms were equally distributed
across the gradient, as illustrated for GluR2(Q), sug- ure 4). First, deglycosylation of gradient fractions with
EndoH showed that subunits within P1 are mainly imma-gesting a wide spectrum of complexes, such as various
GluR2/ER-chaperone associations and/or folding inter- ture (ER resident), whereas P2 is mostly mature (post-
Q/R Editing Mediates AMPA Receptor Assembly
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Figure 4. Analysis of Assembly States within
P1 and P2
(A) EndoH analysis of P1 and P2 gradient frac-
tions. GluR-Q (chased for 5 hr) was immuno-
precipitated from P1, and P2 peak fractions
with Myc-Ab, and EndoH digested. GluR2-Q
in P1 is mainly EndoH sensitive, but EndoH
resistant in P2.
(B) [35S] Sulfate-labeled GluR2-Q predomi-
nantly sediments in P2. Neurons expressing
GluR2-Q were [35S] Sulfate labeled for 13 hr.
Triton X-100 cell lysates were fractionated on
a 10%–50% glycerol gradient. Signals were
quantified as described in Figure 3C.
(C) AMPAR assembly occurs in the ER;
blocking ER exit with Brefeldin A does not
impede assembly into P2. (Top) BFA inhibits
maturation of GluR2-Q (lane 2). After infection
with GluR2-Q, neurons were incubated with
1 M Brefeldin A (BFA) for 13 hr. BFA was
also present during Met-Cys depletion, and
the 5 hr chase. Lane 1 (BFA), lane 2 (BFA).
Samples were analyzed as described in Fig-
ure 1B. (Bottom) GluR2-Q-infected (BFA
treated) neurons were lysed in CHAPS buffer,
and lysates analyzed on 10%–50% glycerol
gradients (as described). BFA treatment was
as described above (C). Fractions 4–15 were
immunoprecipitated with anti-Myc Ab, fluro-
graphed, and quantified as described in Fig-
ure 3C; mean  SD; n  2.
(D) DSP crosslinking of peak fractions. P1 and
P2 fractions (indicated on top) from a 10%–
50% glycerol gradient, were crosslinked with
2 mM DSP for 30 min on ice. Crosslinked
lysates were separated on 6% SDS-PAGE
and analyzed by anti-Myc Western blotting.
Size markers (in kD) are shown on the right.
Black arrowheads mark positions of mono-
(M), di- (D), and tetramers (T).
(E) BN-PAGE of peak fractions. 30 l of glycerol gradient fractions (indicated on the top) were taken up in BN-loading buffer, separated on
a 4%–12% Bis-Tris gradient gel, and analyzed by anti-Myc Western blotting. M, D, and T on the left side denote monomer, dimer, and tetramer,
respectively. As a size control, F#11Q was treated with 1% SDS for 10 min at rt to dissociate the tetramer; the resulting product was designated
as monomer (n  1). The graph shows how gels were calibrated with native protein size markers, to estimate sizes of the dimer and tetramer
relative to the monomer (see Lee et al., 2002). Markers, denoted as white squares, were—thyroglobulin, Mr  669,000; ferritin, Mr  440,000;
catalase, Mr  232,000; lactate dehydrogenase, Mr  140,000; BSA (bovine serum albumine), Mr  66,000.
ER; Figure 4A). The post-ER nature of receptor in P2 ceptor extracted from BFA-treated neurons (lane 2) sedi-
mented in P2 (Figure 4C, bottom). This result stronglywas confirmed by sulfate labeling. We previously
showed that GluR2 is sulfated (Greger et al., 2002). Pro- suggests that AMPARs are assembled in the ER and
that assembly does not require ER exit. We concludetein sulfation takes place in the trans-golgi network
(TGN) (Baeuerle and Huttner, 1987), a distal, post-ER that P1 contains immature, ER-localized assembly inter-
mediates, whereas P2 harbors maturely glycosylated,compartment of the secretory pathway. Sulfated GluR2(Q)
predominantely sediments in P2, corroborating that P2 post-ER receptors.
Finally, to reveal relative sizes of subunit complexesis post-ER (Figure 4B). We find that complexes in P2
are partly disrupted by 1% Triton X-100 but are relatively in P1 and P2, we crosslinked fractions from GluR2(Q)
and GluR2(R) glycerol gradients with DSP (Dithiobisstable when solubilized by 0.6% CHAPS; this likely ex-
plains the low levels of sulfated GluR2(Q) in P1 (Figure [succinimidylpropionate]). The bulk of crosslinked recep-
tor in P1 migrates in the range of 	180 kDa, consistent4B), which may represent breakdown products originat-
ing from P2. Similarly, acetylcholine receptor assemblies with receptor dimers, and/or ER-chaperone associa-
tions (Figure 4D); a minor fraction also runs in the mono-are destabilized by Triton X-100 (Green and Claudio,
1993). In the following experiments, cells were therefore meric, 100 kDa, range (lanes 1–4). Crosslinked P2 recep-
tor migrates near the top of the gel, likely as tetramers.lysed in CHAPS.
To investigate whether AMPAR assembly takes place This was tested more directly by employing blue native
PAGE (BN-PAGE) (Scha¨gger and von Jagow, 1994). P1in the ER (as is the case for most oligomeric proteins
[Deutsch, 2002; Ellgaard and Helenius, 2003]), we blocked and P2 gradient fractions were separated on BN-gradi-
ent gels and analyzed by anti-Myc Western blottingER exit with Brefeldin A (BFA; Figure 4C, top) and ana-
lyzed the assembly state of such ER-localized GluR2(Q). (Figure 4E). The mobilities of subunit complexes were
measured and interpreted using a standard curve deter-Similarly to the ER-exit-competent control (lane 1), re-
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mined with markers of known molecular weight (Mr). exit (and thus mature glycosylation) with BFA (Figure
5D, bottom gel; see also Figure 4C). BFA treatment didWhen the monomer is set at n  1, the two other major
complexes are n  2.3 (dimer) and n  4.06 (tetramer) not diminish upper bands, which rules their identity as
maturely glycoslylated GluR2 species out, and strongly(see Lee et al., 2002). Using these assignments, inspec-
tion of the gel shows that GluR2(Q) in P2 (F#11) is pre- suggests the presence of associating GluR subunits.
Also, heating lysates in 1% SDS before immunoprecipi-dominantly tetrameric at steady state. However, GluR2(R)
tetramers are barely detected. Importantly, the majority tation resulted in dissociation and loss of upper bands,
corroborating coprecipitation rather than mature glyco-of GluR2(R) in P1 accumulates as dimers. The high level
of dimeric intermediates indicates that the second as- sylation (data not shown). Analysis of GluR2 immunopre-
cipitates by blotting for coprecipitating GluR1 and GluR3sembly step, the dimerization of dimers, is blocked in
GluR2(R) homomeric channels. This analysis estab- across the gradient confirms that subunit associations
are most extensive in P2 (Figure 5E). Together, it appearslishes that P2 contains fully assembled AMPARs,
whereas P1 is composed of monomers and dimers. To- that relative to GluR1 fewer GluR2 subunits appear to
assemble into tetramers within 5 hr. The assembly path-gether, it appears that homomeric GluR2(R) channels
tetramerize inefficiently, and that the second assembly way likely requires Q subunits (such as GluR1 and GluR3)
for tetramerization, which potentially explains the ob-step (but not subunit dimerization) is sensitive to the
Q/R-editing state. served restriction of GluR2 to stratum pyramidale so-
mata (where the bulk of the ER is concentrated) in the
GluR1 knockout mouse (Zamanillo et al., 1999).Assembly of Endogenous AMPAR Subunits
The different sedimentation properties of GluR1 andTo verify and extend these data we analyzed the assem-
GluR2 are also observed in mature rat brain (Figure 5F).bly of endogenous, heteromeric AMPARs, in cultured
Fractionation of CHAPS-extracted PNS (post-nuclearneurons and in brain. As shown in Figure 5A, GluR1
supernatant) shows that GluR1 is mainly assembled,and GluR2 sediment in the same peaks as exogenously
whereas GluR2 sediments prominently in P1. Again, inexpressed subunits. The related kainate receptor sub-
contrast to GluR1, GluR2 in P1 is widely spread, whichunits, GluR6/7, also migrate in this range (the slight shift
reflects the presence of GluR2 monomers (F#5, 6).may reflect the larger size and more extensive glycosyla-
Therefore, unassembled GluR2 also exists in adult rattion of these subunits). However, whereas GluR1 is
brain, which explains the different GluR1 and GluR2mainly fully assembled at steady state, GluR2 exten-
glycosylation states observed previously (Greger et al.,sively sediments in P1, which is EndoH sensitive, as
2002). Together, these data reveal that ER-retained en-expected (Figure 5B). Also, P1 is wider for GluR2 with
dogenous GluR2 is unassembled and largely mono-its trailing shoulder extending into F#5. We utilized
meric. Limited incorporation of GluR2 into AMPAR tetra-BN-PAGE to determine GluR1 and GluR2 assembly-
mers, conferred by an Arg607-dependent loopstates in greater detail (Figure 5C). As observed for exog-
configuration, may explain the inefficient GluR2 ERenously expressed subunits, endogenous P2 (F#11) har-
export.bors predominantly tetramers (Figure 5C). However,
whereas GluR1 is primarily tetrameric, GluR2 immunore-
activity distributes more evenly between P1 and P2 frac- Arg at the Pore Apex Affects Assembly
of GluR1(R) and Restricts AMPAR Assemblytions. The majority of GluR2 is monomeric, with the di-
mer/monomer ratio increasing from F#5 to F#7 (D:M; in Heterologous Cells
Finally, if Arg607 indeed affects AMPAR assembly byFigure 5C). This explains the wide spread of GluR2 in
P1; monomeric GluR1 in contrast, is barely detected conferring an altered P loop interface, it would be ex-
pected to work (i) in different contexts, such as the P(F#7). Quantification reveals that 44% of GluR2 is
monomeric, 29% dimeric, and only 27% tetrameric loop of GluR1, and (ii) in nonneuronal cells. Figure 6A
shows that alteration of the corresponding GluR1 resi-(F#5, 6, 7, and 11), whereas 90% of GluR1 (F#711) is
tetrameric. This suggests that ER-retained endogenous due to Arg (Q600R) resulted in accumulation of mutant
GluR1(R) in P1, whereas wt GluR1(Q) efficiently assem-GluR2 is unassembled, and predominantly monomeric.
To understand this difference between subunits bet- bled into P2, after 5 hr of chase. The differences in
sedimentation between GluR1 R and Q forms are moreter, we determined the assembly kinetics of GluR1 and
GluR2 (Figure 5D). Pulse-chase analysis shows that after pronounced relative to what is seen for GluR2. GluR1(R)
sediments similarly to GluR2 (both R and Q forms) after5 hr, 50% of GluR1 is fully assembled (see black trace
in the graph below). GluR2 however, is still mostly unas- a 1 hr chase (Figure 3B). GluR1(Q) on the other hand,
is more fully assembled than GluR2(Q), with the vastsembled and sediments in P1 after 5 hr of chase (red
trace). These assembly kinetics reflect the different ER majority sedimenting in P2. We also find that exoge-
nously expressed GluR3, another Q subunit, readily as-exit efficiencies of GluR1 and GluR2, observed pre-
viously (Greger et al., 2002). Notably, subunits coprecipi- sembles into P2 (Figure 6B). GluR3 sediments similarly
to GluR2(Q) and is also detected in P1 after 5 hr oftating with GluR2 in some P2 fractions (F#11, 12) appear
substoichiometric (i.e., 1R:3Q; see top bands in the chase. Together, these results confirm that Q subunits
assemble more efficiently than R subunits.GluR2 IP in Figure 5D), indicating low GluR2 numbers
in a subset of AMPAR tetramers. This result potentially Furthermore, when GluR2(R) and -Q were expressed
in HeLa cells and assembly states analyzed on 10%–explains the lower GluR2 ER exit efficiency relative to
GluR1—limited incorporation of GluR2 into AMPAR tet- 40% glycerol gradients, GluR2(R) remained unassem-
bled, whereas GluR2-Q is detected in P2 (Figure 6C).ramers. That upper bands in the GluR2 IP indeed repre-
sent coprecipitating AMPAR subunits, rather than ma- The glycerol densities of peak fractions were identical
to those obtained from neuronal gradients, confirmingturely glycosylated GluR2, was verified by blocking ER
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Figure 5. Endogenous AMPARs Sediment in P1 and P2
(A) Sedimentation analysis of endogenous GluRs from cultured neurons. CHAPS lysates were separated on 10%–50% glycerol gradients.
Gradient fractions were analyzed by Western blotting using Abs indicated on the right. GluR1 and GluR2 distributions within the gradient
were determined by densitometric scanning of autoradiograms using NIH image software (bottom panel). Quantification was as in Figure 3C
(mean  SD; n  3).
(B) EndoH treatment of fractions from Figure 3A. Fractions were immunoprecipitated with anti-Myc Ab, EndoH treated, and detected with
anti GluR2 Ab. GluR2 in P1 is immature, but mature in P2.
(C) BN-PAGE analysis of AMPAR assembly states in P1 and P2. Gradient fractions from Figure 5A (indicated on the top of the gel) were
separated on a 4%–12% Bis-Tris gel as described in Figure 4E. Samples were loaded in duplicate, and analyzed by GluR1 (left) and GluR2
(right) Western blotting. GluR2 monomers are abundant in P1, the dimer/monomer ratios (D:M) are indicated on the bottom of the gel.
(D) Assembly kinetics of [35S] Met-Cys labeled endogenous GluR1 and GluR2, chased for 5 hr. CHAPS lysates were separated on 10%–50%
glycerol gradients. Subunits were immunoprecipitated from gradient fractions; GluR1 top, GluR2 bottom, and analyzed by 6% SDS-PAGE
and flurography. Solid arrows mark the immunoprecipitated subunit, empty arrows mark coprecipitating subunits. Quantification (bottom
panel) was as in Figure 3C (mean  SD; n  3). The experiment was repeated in the presence of BFA to block mature glycosylation (bottom
gel). Shown is a GluR2 IP.
(E) GluR subunit-subunit associations predominantly exist in P2. GluR2 was immunoprecipitated from fractions across a 10%–50% glycerol
gradient. GluR2 associations with GluR1 (top) and GluR3 (bottom) were assessed by Western blotting. The bottom panel shows a longer
exposure; note the wider spread of GluR3 in P1, extending into F#6.
(F) GluR1 and GluR2 sedimentation properties also differ in adult rat brain. A 350 
 gav PNS was separated on a 10%–50% glycerol gradient,
and subunit distributions analyzed by Western blotting; GluR1 top, GluR2 bottom. Note the spread of GluR2 into F#5 and 6, which is not seen
for GluR1.
their correspondence to bona fide AMPAR complexes. determining ER exit (Greger et al., 2002). Exogenously
expressed GluR2(R) subunits are ER retained, whereasThese data strongly suggest that Arg607 directly deter-
mines the ability of AMPARs to tetramerize. GluR2(Q) subunits readily traffic to the cell surface. Here
we report that retention occurs at the level of channel
assembly. ER-retained GluR2 is unassembled andDiscussion
mostly monomeric, in neuronal cultures and in brain.
We show that these assembly properties are dependentWe previously characterized a stable pool of GluR2 in
the neuronal ER and identified the Q/R site as the signal on the Q/R-editing state, and suggest that Arg607 influ-
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Figure 6. Arg at the Pore Loop Apex Attenuates Tetramerization of GluR1 and of Heterologously Expressed GluR2(R)
(A) Neurons expressing HA-GluR1 (wt Q600 and Q600R) were [35S] Met-Cys pulse labeled and chased for 5 hr; CHAPS lysates were separated
on a 10%–50% glycerol gradient and analyzed by 6% SDS-PAGE and flurography as described in Figure 3 (mean  SD; n  3).
(B) Myc-GluR3 assembles into P2. Neurons expressing wt Myc-GluR3(Q) were [35S] Met-Cys pulse labeled and chased for 5 hr; CHAPS lysates
were separated on a 10%–50% glycerol gradient and analyzed by 6% SDS-PAGE and flurography.
(C) Arg607 determines assembly in HeLa cells. CHAPS lysates from HeLa cells expressing GluR2-R and -Q were separated on 10%–40%
glycerol gradients (this range was chosen for increased resolution of P1). Fractions were separated on 6% SDS-PAGE and analyzed by anti-
Myc Western blotting. Note that glycosylation-induced shifts of GluR2 are more pronounced in HeLa cells, and mature receptor in P2 is
evident without prior EndoH treatment (bottom panel; F#12, 13).
(D) Suggested rules for the assembly of AMPAR dimers. Left panel (Di) shows disfavored subunit arrangements, such as GluR2 homomers
(left), and possibly tetramers containing three GluR2 subunits (right). Middle panel (Dii) shows favored tetramers, such as receptors containing
a single GluR2 subunit (left), and diagonally positioned GluR2 (right). Right panel (Diii) shows a tetramer assembled from a GluR2 homodimer.
R stands for GluR2-R, Q for GluR1, 3, or 4, and the blue diamond depicts Arg607.
ences subunit interactions during tetramerization. This Stern-Bach, 2001). Formation of heterodimers appears
to be preferred over homodimerization (Mansour et al.,in turn results in limited incorporation of GluR2 into
AMPAR tetramers and GluR2 ER retention. These prop- 2001). It seems plausible that a relatively high abun-
dance of GluR2 (N termini) in the ER facilitates formationerties may make GluR2 available for incorporation into
channels from an ER pool, but at limited stoichiometries. of GluR2 heterodimers, ultimately resulting in a prepon-
derance of GluR2-containing AMPARs, as is observedTherefore, the Q/R site establishes functional channel
properties on two levels: during assembly, by restricting in the brain (Wenthold et al., 1996; Dingledine et al.,
1999; Ozawa et al., 1998; Seeburg, 2002). We detectthe number of GluR2 subunits into tetramers, and during
ion conduction by controlling major AMPAR transmis- significant levels of monomeric GluR2, which is not the
case for GluR1 (Figure 5). This may reflect the abun-sion properties.
dance of GluR2 in the ER and an unavailability of a
heteromeric dimerization partner (i.e., GluR1 or GluR3)AMPAR Assembly Occurs in Two Steps
Despite its fundamental importance in determining at steady state. Our data show that homodimerization
takes place under certain conditions, as shown in Figurechannel function and synaptic trafficking, AMPAR as-
sembly is still poorly understood. Various lines of evi- 4E, but GluR2 homodimers may pose a dead-end prod-
uct in the second assembly step (Figure 6D). Whetherdence suggested the existence of AMPAR dimers (Kuu-
sinen et al., 1999; Armstrong and Gouaux, 2000; Ayalon monomeric GluR2 is associated with a specific retention
machinery in the ER (which dissociates during extractionand Stern-Bach, 2001; Mansour et al., 2001; Sun et al.,
2002), which resulted in the formulation of a two-step and centrifugation) is currently unknown and under in-
vestigation.assembly pathway: (i) subunit dimerization, mediated
by receptor N termini, and (ii) tetramerization, via a di-
merization of dimers (Ayalon and Stern-Bach, 2001; Role of the P Loop for AMPAR Tetramerization
Regions important for AMPAR tetramerization were untilMadden, 2002). Our present study confirms this assem-
bly pathway, as dimers and tetramers are isolated now ill defined. Ayalon and Stern-Bach (2001) suggested
a role for the four transmembrane segments and thereadily; trimers, however, are not detected. Dimerization
may occur soon after subunit N termini are translocated C-terminal part of the extracellular S2 loop. We identify
the reentrant P loops, which are in close apposition ininto the ER-lumen through the translocon, Sec61. These
400 aa domains appear to serve a “selector” function assembled channels, as tetramerization determinants.
Mutagenesis indicates that the overall conformation ofand associate only with N termini within the same recep-
tor subclass (Leuschner and Hoch, 1999; Ayalon and P loops affects assembly as alterations at various posi-
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tions (the -helical part, the Q/R site, residues sur- in vivo (i.e., in the presence of Q subunits) R homomers
rounding the Q/R site, and the C-terminal extension of are unlikely to form. Indeed, the absence of GluR1 in
the loop; Figure 1) result in reduced ER exit efficiency, the GluR1 knockout mouse results in restriction of GluR2
and channel tetramerization. At position 607 (the Q/R to CA1 and CA2 pyramidal somata, where most of the
site), side chain size appears to play a role. R607Q traf- ER is concentrated (Zamanillo et al., 1999). This finding
ficks more efficiently than R607N, which is also seen for further suggests that GluR2 requires Q subunits for as-
the pair R607E and R607D. This finding is exemplified sembly and ER exit. We detect low levels of R tetramers
in Figure 1D (and Table 1), where an increase in side at steady state (Figure 4E). These channels however,
chain size and/or hydrophobicity results in a gradual are partly heteromeric, as GluR1 immunprecipitates low
increase in trafficking efficiency (AlaPheTrp). Apart levels of exogenously expressed Myc-GluR2 from P2
from size, side chain charge is important, with potentially fractions (I.H.G. and E.B.Z., unpublished data). These
basic residues (Arg, Lys) being retained to a greater findings, together with the intrinsically low single-chan-
extent than acidic ones (Asp, Glu). This is supported by nel conductance of GluR2(R) homomers (Swanson et al.,
the His mutant, which traffics more efficiently than Arg 1997), explain the minute GluR2 macroscopic currents
and Lys. His has a pK of 6.0 and is thus only partially obtained in heterologous expression systems (e.g.,
protonated at physiological pH. Arg and Lys in contrast, Boulter et al., 1990).
with pK values of 12.5 and 10.5, respectively, are fully
protonated (Creighton, 1993). Structural data are re- Functional Implications
quired to understand these findings fully. P loops form What are the functional implications of our finding for
the very heart of the channel and constitute the narrow AMPAR transmission? Subunit composition is a major
channel constriction that coordinates ion flux (Doyle et determinant for AMPAR conductance properties (Holl-
al., 1998; Kuner et al., 2001). The KcsA crystal structure mann and Heinemann, 1994). In brain, the majority of
demonstrates that P loops are slotted between inner AMPAR transmission is functionally dominated by the
helices and provide intersubunit contact sites (Doyle et GluR2 subunit, which renders receptors Ca2 imperme-
al., 1998). Similarly, molecular modeling indicates close able, alters their voltage sensitivity, and reduces con-
contact sites between subunit P loops in GluRs (Figure ductance (Dingledine et al., 1999). Only a subset of
2). Our data suggest that Q/R editing alters these contact interneurons express low levels of GluR2, and therefore,
sites, resulting in strongly reduced tetramerization of Ca2-permeable AMPARs (Jonas and Burnashev, 1995).
homomeric R subunits. This is also seen in nonneuronal It has also been shown that the number of GluR2 sub-
cells and when Arg is introduced into the GluR1 P loop, units in AMPAR tetramers can vary (at least in interneu-
and therefore represents an intrinsic property of the loop rons), and that transmission properties are differently
structure. What impairs tetramerization of R subunits? affected by GluR2 abundance (Washburn et al., 1997).
Arg607 may influence subunit folding and thereby indi- GluR2 subunit numbers in tetramers may be subject
rectly affect assembly. However, our native gels (Figure to regulation. Liu and Cull-Candy (2000) reported that
4E) and sedimentation data (Figures 3A, 3B, and 6C) do repetitive synaptic activity resulted in a switch from
not reveal major conformational differences between
GluR2-lacking to GluR2-containing AMPARs in cerebel-
Q and R assembly intermediates. The finding that ER-
lar stellate cells. Similarly, activity may cause increased
retained GluR2(R) is very stable (Greger et al., 2002)
inclusion of GluR2 subunits into tetramers. Such a mech-
further argues against gross misfolding of the subunit,
anism would protect neurons from excessive Ca2 influxas misfolded proteins are rapidly degraded by ERAD
through AMPARs. However, as we show, only a limited(ER-associated degradation) mechanisms (Ellgaard and
number of GluR2 subunits can be included into a tetra-Helenius, 2003). Minor conformational differences be-
mer. The assembly rules described here will impair thetween Q and R isoforms, however, cannot be ruled out.
formation of GluR2 homomers, and, by extension, re-For example Arg607 could affect the spatial distribution
strict GluR2 numbers in AMPAR tetramers. Occlusionof the pore loop with respect to the lipid bilayer, and
of GluR2 homomers could be crucial as such channelsslow insertion of the loop into lipid. Alternatively, Arg607
display a very small single-channel conductance (Swan-may cause retention by charge repulsion and/or steric
son et al., 1997), and conduct anions (Burnashev et al.,hindrance during tetramerization. The low dielectric en-
1996). The existence of such channels would decreasevironment of the membrane interior significantly en-
the efficiency of a synapse, and barely contribute to thehances repulsion between potentially charged residues
generation of an EPSP (excitatory postsynaptic po-(Engelman, 2003). Alignment of pore loops during the
tential).dimerization of dimers would require a close apposition
We envisage the following scenario for the assemblyof four Args. Charge repulsion is likely to occur within
of GluR2-containing AMPARs (Figure 6D). High levelsa certain distance of approaching Args during assembly.
of GluR2 in the ER may increase the probability of GluR2Alternatively, or in addition, position 607 may be a key
uptake during dimerization. Heterodimer formation ap-structural determinant. Loops represent flexible protein
pears to be preferred over homodimerization (Mansourmodules (MacKinnon, 1995), which may be sensitive to
et al., 2001), although GluR2 homodimers can form un-alterations. Editing to Arg may switch the loop configura-
der certain conditions (Figure 4E). Tetramerization oftion from assembly competent to assembly incompe-
two GluR2 homodimers is energetically disfavored (Fig-tent. Both parameters would account for the dramati-
ure 6Di, left), as outlined in Figures 3–6. Similarly, inclu-cally different tetramerization kinetics of R and Q forms
sion of three R subunits may be disfavored (Figure 6Di,(Figure 3B). Q subunits are mostly assembled into tetra-
right); this prediction is supported by the experiment inmers after 5 hr of chase, R tetramers, however, are
barely detected after 13 hr of chase. This suggests that Figure 5D, where GluR2 subunits in tetramers appear
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20 mM HEPES, pH 7.4, 2 mM EDTA, 0.1% Triton X-100). Gradientspartly substoichiometric (i.e., 1R:3Q). If indeed hetero-
were poured using an automated pump (Buchler), and centrifugeddimers associate preferentially, then GluR2 complexes,
in a SW-55 rotor (Beckman) for 18 hr at 4C, with brakes fully appliedindicated in Figure 6Dii (“favored”), will dominate in neu-
(maximum acceleration, maximum deceleration). 270 l fractions
rons. 1R:3Q tetramers may predominate in interneurons, were collected manually from the top. Linearity of gradients was
which express lower levels of GluR2 (Jonas and Burna- ascertained by measuring the refractive index of fractions.
shev, 1995; Washburn et al., 1997), or after certain patho-
DSP Crosslinkinglogical insults which reduce GluR2 expression (Tanaka
25 l glycerol gradient fractions were crosslinked with 2 mM DSPet al., 2000). In principal neurons, where levels of GluR2
(20 mM stock in DMSO) (Pierce) for 30 min at 4C (Tatu and Helenius,are higher (Jonas and Burnashev, 1995), 2R:2Q tetra-
1997), with occasional mixing. DSP was quenched with 24 mM gly-
mers may predominate. The subunit arrangement shown cine for 15 min at 4C. Samples were cleared for 5 min at 16,000 

in Figure 6Diii, cannot be formally excluded, but (1) adja- g, and soluble material adjusted with Laemmli sample buffer lacking
cent Args are more closely spaced than opposite Args DTT before boiling and loading onto 6% SDS-PAGE.
(I.H.G., Z-P.K., and E.B.Z., unpublished data) (Tikhonov
Blue Native PAGEet al., 2002), which may be energetically disfavored; also,
BN-PAGE was carried out essentially as described (Scha¨gger et al.,(2) this arrangement would not conform to the rules
1994), with the following modifications. We used 4%–12% ready-described by Mansour et al. (2001). Clearly, elucidating
made Bis-Tris gels (Invitrogen), which lack aminocaproic acid. After
the mechanism of subunit dimerization will help under- running gels (Scha¨gger et al., 1994), protein was blotted onto PVDF
standing the stoichiometry of AMPAR tetramers in membranes (Bio-Rad) in 50 mM Tris, 380 mM glycine, and 20%
methanol, at 40mV overnight. Prior to probing with Abs, membranesgreater detail.
were briefly washed in methanol to remove excess Coomassie
G-250. Native-gel molecular weight markers (Amersham) were usedExperimental Procedures
to calibrate gels and to calculate relative sizes of AMPAR assembly
intermediates (Lee et al., 2002).Mutants and Neuronal Cultures
All GluR2 mutants (GluR2 flop) described in this study were Myc
Molecular Modelingtagged at the N terminus (Osten et al., 2000). HA-GluR1 was con-
The amino acid sequence of the pore region of GluR2 was alignedstructed by inserting the HA tag between position 3 and 4 after the
with that of the bacterial potassium channel from Streptomycessignal peptide cleavage site. Mutants were generated by PCR and
lividans (KcsA K channel) according to Panchenko et al. (2001).expressed in primary hippocampal neurons (Osten et al., 2000) using
The three-dimensional atomic model of the pore region was builtrecombinant Sindbis virus (Invitrogen) (Greger et al., 2002). Cells
by homology to the crystal structure of the bacterial potassiumwere plated at a density of 106/6 cm dish. Neurons were used
channel (pdb code: 1BL8) (Doyle et al., 1998) by a Monte Carlobetween 9 and 12 days in culture. Surface expression of mutants
energy minimization procedure (Abagyan et al., 1997). Each subunit(Figure 1E) was quantified as described (Greger et al., 2002).
of the tetramer was translated by 2 A˚ away from the pore axis to
increase the pore size from that of the KcsA structure as describedPulse-Chase and Sulfation
by Tikhonov et al. (2002).Neurons were pulsed for 20 min with 100 Ci/ml of medium with
[35S] Met-Cys. Otherwise, [35S] Met-Cys pulse/chase labeling and
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